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240a Monday, February 27, 2012role of CCR5, however, is the regulation of immune-cell trafficking upon acti-
vation by its endogenous ligands: macrophage inflammatory protein 1a (MIP-
1a), MIP-1b and RANTES (Regulated on Activation, Normal T-cell Expressed
and Secreted). Since both, viral gp120 and the chemokines bind to the extracel-
lular parts of the receptor, binding of a natural ligand, e.g. RANTES, obstructs
the interaction of CCR5 with the viral protein, thereby hindering HIV infection.
This makes RANTES and other chemokines potential lead structures for novel
anti-HIV agents.
Here, we present advances on the study of the interactions of recombinantly-
expressed CCR5 with different chemokine variants and the small-molecule
inhibitor maraviroc. Experiments are performed by nuclear magnetic reso-
nance (NMR) and surface plasmon resonance (SPR), with CCR5 incorpo-
rated in either detergent micelles, lipid bilayers, or the synthetic model
membrane system of nanodiscs. Mechanistic implications of these results
are discussed.
While a 3D structure of CCR5 is still lacking, these data have the potential to
shed some new light on our understanding of HIV infection, as well as on the
topic of cellular signalling through chemokines. As the quality of preparation of
recombinant CCR5 samples improves, further milestones are expected towards
structural models of the ligand-CCR5 complexes.
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Identification of a Small Molecule-Ligand-Binding Pocket in a G Protein-
Coupled Receptor using Genetically-Encoded Photocrosslinkers
Amy Grunbeck, Thomas Huber, Thomas P. Sakmar.
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The G protein-coupled receptor (GPCR) CC chemokine receptor 5 (CCR5) is
the primary co-receptor required for HIV-1 cellular entry and the molecular
target for the HIV-1 cellular entry inhibitor maraviroc. Despite the fact that
maraviroc obtained FDA approval for therapeutic use in 2007, the precise
mode of receptor-drug interaction and its mechanism of action has not been
directly defined. Using unnatural amino acid mutagenesis and targeted photo-
crosslinking, we have identified amino acids in CCR5 that are within 3-5 A˚ of
the bound ligand. We introduced p-benzoyl-L-phenylalanine (BzF) and p-az-
ido-L-phenylalanine (AzF) at multiple specific sites in engineered CCR5 ex-
pressed in HEK-293T cells. Photocrosslinking experiments were performed
in live cells in the presence of [3H]maraviroc. Site-specific crosslinks were de-
tected by scintillation counting of Western Blot membranes of cell extracts.
The pattern of BzF and AzF crosslinks was compared based on existed models
of CCR5. This method is an extension of earlier work in which ligand ana-
logues with fluorescent tags were employed (1). Targeted photocrosslinking
using isotopically-labelled GPCR ligands allows the direct mapping of
a drug-binding site with chemical precision and can be used to discriminate
among various models of receptor-drug interaction. To our knowledge, this
is the first demonstration of a direct chemical crosslink between a GPCR
and a native small-molecule ligand. 1. Grunbeck, et al. (2011) Biochemistry
50, 3411-3413.
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Effect of Anionic Lipids on Structure and Function of Cannabinoid CB2
Receptor in Micelles and in Reconstituted Liposomes
Tomohiro Kimura, Laura Macke, Klaus Gawrisch, Alexei Yeliseev.
NIH/NIAAA, Bethesda, MD, USA.
Human cannabinoid CB2 receptor functions in plasma membranes of cells in
immune and hematopoietic systems upon binding of cannabinoid ligands. Pre-
viously we reported on functional reconstitution of the recombinant CB2 recep-
tor into liposomes. During solubilization and purification, structure of the
receptor in micelles is stabilized by adding anionic cholesteryl hemisuccinate
(CHS), that is used widely to maintain the functionality of recombinant
GPCR. Here we show that the functional structure of CB2 receptor in micelles
can be significantly preserved by replacing CHS with phospholipids prior to re-
constitution. By ligand binding studies on the reconstituted receptor performed
by 2H MAS NMR, that distinguishes specific binding to the receptor and non-
specific binding to the lipid matrix, and by G protein activation tests, we dem-
onstrated that the anionic 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine
(POPS) can be almost as efficient as CHS in stabilizing the receptor in micelles
while the zwitterionic PC counterpart, POPC, was much less effective. Our re-
sults obtained with various phospholipid headgroup and acyl-chain species sug-
gest that the net negative charge as well as the specific molecular structure of
the PS headgroup plays a key role in maintaining the structural integrity of the
receptor in micelles. On the reconstituted CB2 receptor in liposomes, effect of
negative electric potential of membrane surface on G protein activation was in-
vestigated by systematically changing the content of anionic CHS or PS. The
activation was highest at an anionic lipid content of about 50 mol%. Therewas no correlation between the efficiency of G protein activation and an in-
crease of hydrocarbon chain order induced by CHS or cholesterol. The results
highlight importance of anionic lipids in regulating signal transduction by CB2
receptor and possibly other class-A GPCR.
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Arrestins and heterotrimeric G proteins (Gabg) regulate G-protein-coupled re-
ceptors (GPCRs) signaling and trafficking. Arrestin binding to an activated
GPCR terminates receptor and G protein coupling, and promotes receptor inter-
nalization. The binding of the b-arrestins and G-proteins on agonist-bound
GPCRs is thought to be mutually exclusive. Here we show that b-arrestins pro-
long rather that desensitize parathyroid hormone (PTH) receptor (PTHR) sig-
naling. By using optical approaches (confocal microscopy, FRAP, TIRF,
fluorescence correlation spectroscopy, and FRET) in live cells in real time
we found that PTHR forms a ternary complex with b-arrestin1/2 and Gbg sub-
units in response to PTH stimulation. We further confirmed the formation of
a signaling PTHRarrestinGbg complex in response to PTH binding by us-
ing purified proteins in biochemical assays. Additionally, we found that the
rapid (t1/2< 60 s) assembly/disassembly dynamics formation of a receptor mi-
crodomain that contains PTH, PTHR, arrestin and Gbg subunits increases the
levels of G-protein activation and cAMP accumulation in magnitude and
duration. These data contradicted established tenets of the regulation of
GPCR signaling and raise the emerging concept that the formation of a long-
lived GPCR-Gbg-arrestin ternary complex contributes to prolonged receptor
signaling by mechanisms that presumably permit multiple rounds of GaS sub-
unit coupling and activation.
Platform: Molecular Dynamics II
1214-Plat
The Nucleotide Dependent Mechanism of Get3 as Revealed by Molecular
Dynamics Simulations
Jeff Wereszczynski, J. Andrew McCammon.
University of California, San Diego, La Jolla, CA, USA.
Tail-anchored (TA) proteins, which comprise approximately 5% of all trans-
membrane proteins, contain a single transmembrane domain (TMD) located
near the C-terminus. This unique organization presents a topological problem
that prevents the classical cotranslational translocation by the signal recogni-
tion particle, thus a distinct posttranslational targeting pathway is required
for membrane insertion. In yeast, this is guided entry of TA-proteins (GET)
pathway. At the center of this process is Get3, an enzyme that shuttles a TA
protein from the cytosolic Get4/Get5/Sgt2 complex to the transmembrane
Get1/Get2 site. Biochemical and structural studies have revealed that Get3 is
a homodimer that leverages the power gained through ATP binding and hydro-
lysis to undergo large-scale conformational changes between an ‘‘open’’ and
‘‘closed’’ conformation. Through the use of conventional MD simulations, en-
hanced sampling, and rigorous free energy calculations in five possible sym-
metric and non-symmetric nucleotide states, we have mapped out the
underlying potential of mean force for the protein as it progresses through
the hydrolysis cycle. Results have lead to a mechanistic model that agrees
well with experiments on the stabilities of the open and closed conformations
in the symmetric states, and were able to not only predict the existence of the
very recently discovered semi-open state, but also to closely match its structure.
In addition, calculations predict the existence of a wide-open conformation,
along with the probabilities of each of these states as nucleotides bind and un-
bind from Get3. This model improves our interpretation of experiments on
Get3, suggests important details about the GET cycle, and provides a model
system for understanding the coupling of nucleotide binding and hydrolysis
to protein conformational changes.
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Svetlana Baoukina, Eduardo Mendez-Villuendas, D. Peter Tieleman.
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Using computer simulations we investigated the effect of coexisting phases on
the properties of lipid monolayers. This is important for understanding the role
of domains in surface activity of monolayers in general, and specifically in reg-
ulation of surface tension by lung surfactant. Molecular dynamics simulations
with the coarse-grained force field MARTINI were employed to study
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of microseconds. Lipid mixtures containing saturated and unsaturated lipids
and cholesterol were studied under varying surface tension (0-40 mN/m) and
temperature (270-323 K). Compositional lipid de-mixing and coexistence of
liquid-expanded and liquid-condensed phases as well as liquid-ordered and
liquid-disordered phases was reproduced. Formation of the more ordered phase
induced by lowering the surface tension or temperature occurred via either
nucleation and growth or spinodal decomposition. Using cluster analysis com-
bined with Voronoi tessellation we characterized in detail the properties of the
phases and kinetics of domain growth. Area fraction and lipid composition of
each phase, and boundary length were obtained as a function of temperature
and surface tension. We also simulated lipid monolayers connected to bilayer
reservoirs in water, which are relevant for the function of lung surfactant.
The distribution of phases between the monolayers and bilayers, and the effect
of domains on monolayer stability were determined.
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The large conductance mechanosensitive channel is a tension controlled safety
valve in bacterial membranes, and is of interest for the development of
controlled-release drug-delivery vesicles. Molecular dynamics simulations
have been employed before to gain understanding in the mechanisms involved
in opening the channel. In particular, atomistic simulations have been per-
formed to assess the mechanistic details. Yet the time scales accessible in
such simulations are too limited for observing opening. For that reason,Fig. 1: Snapshots ofcoarse-grained simulations have been em-
ployed, which allow sampling larger sys-
tems for longer times. Yet such
simulations fall short on the details of
the mechanism. To combine the best of
both worlds, a multiscale simulation setup
has been developed in which MscL is in-
cluded in atomistic detail. The surround-
ing membrane and solvent, which are of
less interest, are modeled at the coarse
grained level, using the MARTINI force
field. The simulations add to building
a comprehensive model of tension in-
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Quantitative Membrane Bending Energies at Extreme Curvatures from
Molecular Dynamics Simulations
Gregory Bubnis, H. Jelger Risselada, Helmut Grubmueller.
Max Planck Institute for Biophysical Chemistry, Goettingen, Germany.
At mesoscopic length scales and small curvatures, Helfrich’s well established
continuum model [1] provides accurate membrane bending and stretching
energies. For the small nanometer scales and extreme curvatures relevant for
fundamental biological processes like synaptic fusion and tubulation, however,
its validity is unclear. To test whether or not the bending energy remains
a harmonic function of curvature, described by a simple bending modulus,
we developed and applied a new type of collective umbrella sampling molec-
ular dynamics (MD) simulations.
Most MD simulations computing bending moduli are limited to thermally
accessible energies (a few kBT) and curvatures. In this limited regime, the
harmonic approximation has been repeatedly confirmed. Very few simulation
strategies exist to compute bending energies at higher curvatures, due to the
inherent difficulty of controlling membrane structures. These simulation
studies have generally verified the harmonic bending approximation but were
limited by the requirements of a soft coarse grained lipid model[2], and un-
avoidable coupling between bending and stretching[3]. To overcome these
limitations, we have developed a novel approach to control membrane curva-
ture thereby accessing the regime of <10nm curvature radii and ~50 kBT
energies. Our preliminary results show that at high curvatures, moduli have
a small positive deviation from the harmonic approximation, that would not
be discernible in the flat/thermal regime. As expected, we observe that increas-
ing temperature decreases the elastic moduli and that ethanol and cholesterol
act to soften and stiffen membranes, respectively.
[1] W. Helfrich, Naturforsch [C] 28, p693 (1973).
[2] V.A. Harmandris and M. Deserno, JCP 125, p204905 (2006).
[3] W.K. den Otter and W.J. Briels, JCP 118, p4712 (2003).1218-Plat
Molecular Dynamics Simulations of Membrane Proteins: Getting the
Details Right
Thomas J. Piggot1, A´ngel Pin˜eiro2, Syma Khalid1.
1University of Southampton, Southampton, United Kingdom, 2University of
Santiago de Compostela, Santiago de Compostela, Spain.
Over the past decade atomistic molecular dynamics simulations have become
an established tool for studying the conformational dynamics and interactions
with local environment of membrane proteins. While a great deal of valuable,
molecular-level insight has been obtained from such simulations, in order to
fully utilise their predictive power, it is important to continually validate and
improve the methods and models that are used.
The accuracy of molecular dynamics simulations is dependent upon the quality
of the force fields used to describe the interactions between particles in the sys-
tem. Whilst numerous studies have compared different atomistic protein force
fields, there have been fewer studies comparing force fields for membranes/
membrane protein simulations. Thus it is timely to initiate such a study.
In the present work, we have tested the accuracy of five atomistic force fields
used to simulate two different phospholipid membranes (namely the zwitter-
ionic DPPC and POPC lipids). Multiple simulations, each 200 ns in length,
have been performed to evaluate the reproduction of a range of physical prop-
erties. In addition, we have performed simulations of six different membrane
proteins (3 alpha-helical and 3 beta-barrel proteins of varying size: melittin,
KcsA, mitochondrial ADP/ATP carrier, OmpA, OmpG and FhuA) in both
DPPC and POPC membranes using the same five lipid force fields, combined
with appropriate protein force fields. Our simulations, which are in total over 60
microseconds in length, allow for a systematic comparison between frequently
used combinations of lipid and protein force fields and thus will be a valuable
resource for the membrane protein simulation community.1219-Plat
Cholesterol Flip-Flop Dynamics in a Phospholipid
Bilayer: All Atom Molecular Dynamics Simulations
Amit Choubey, Ken-ichi Nomura, Rajiv Kalia,
Aiichiro Nakano, Priya Vashishta.
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Presence of cholesterol (CHOL) molecules in cell mem-
branes plays a key role in the structural properties of
cell membranes. Also the dynamics of CHOL molecules
in the cell membrane is an important biological process.
Using all-atom molecular dynamics (MD) and parallel
replica approach, we study the mechanism of CHOL
flip-flop in a dipalmitoylphosphatidycholine (DPPC)-
CHOL bilayer. The simulations are carried out at phys-
iologically relevant CHOL concentration (30%), temper-
ature 323 K and pressure 1 bar. The longest simulation
is run for seven microseconds. CHOL flip-flop events
are observed at a rate with a time constant in the sub-
microsecond regime. Figure 1 shows a CHOL flip-flop
event. Once a flip-flop event is triggered, a CHOL mol-
ecule takes about 62 nanoseconds to migrate from one
bilayer leaflet to the other. The energy barrier associ-
ated with these events is found to be 73 kJ/mol. Results
for mechanical stresses in the bilayer will also be
presented.1220-Plat
Computational Study of Self-Aggregation and Interaction of Amyloidgenic
Peptide Oligomers with a Lipid Bilayer
Loan K. Huynh1,2, Ana Nikolic1, Re´gis Pome`s1,2.
1University of Toronto, Toronto, ON, Canada, 2Molecular Structure and
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The toxicity of many neurodegenerative pathologies, including Alzheimer’s,
Parkinson’s, and prion diseases, is thought to involve the interaction of oligo-
meric aggregates of amyloidogenic proteins with neuronal membranes. To gain
insight into the molecular basis of toxicity, we conducted atomistic molecular
dynamics simulations of prion and other amyloid-forming protein fragments in
the presence of hydrated lipid bilayers. To probe peptide-bilayer interactions
and peptide self-aggregation, we performed both canonical simulations and
temperature virtual replica exchange (TVREX)1 simulations totalling over
20 microseconds. In the canonical simulations, peptides rapidly partition
at the water-bilayer interface but, due to the long conformational autocorrela-
tion times of lipid bilayers, diffuse slowly and fail to aggregate within 2 micro-
seconds. By contrast, TVREX enhances the rate of convergence of equilibrium
